This study addresses the influence of elevated pressures up to 10 bar on the flame geometry and two-dimensional soot temperature distribution of ethylene-air laminar co-flow diffusion flame. Narrow band photography and two-colour pyrometry in the Near Infra-red (NIR) region have been used to gain a better understanding on effects of pressure on these parameters. Theoretical background, discreet considerations in the choice of two narrow band filters at 780 nm and 1064 nm and calibration of the instrument factor are also described. It has been observed that the flame properties respond very sensitively to the pressure. As the pressure is increased, the flame diameter decreased at all flame heights and soot formation dramatically increased. The flame luminosity at the flame centerline increases, first by axial position from the fuel nozzle. Then the flame became less intense with height due to cooling of the soot particles by radiative losses, leading to a smoking flame at pressures of 2 bar and above. The soot temperature results obtained by applying twocolor method in the NIR region are shown to be consistent with the pyrometry results. Soot temperature measurements show that in ethylene diffusion flame the overall temperatures decreases with increasing pressure. It is shown that the rate of temperature drop is greater for a pressure increase at lower pressures in comparison with higher pressures. The average temperature drop of about 177 K is recorded along the flame centerline for a pressure increase from atmospheric to 2 bar and also from 2 bar to 4 bar. However, at higher pressures the rate of temperature drop decreases to 1/3 of the previous temperature drop. It is found that, applying two-color pyrometry method in the NIR region, utilizing a commercial digital camera, is capable of nonintrusive measurement of two-dimensional soot temperatures with a simple and relatively high accuracy technique. The maximum recorded error of the method was found to be about 8%. It mainly occurred at the regions with the lowest concentration of soot particles.
I. Introduction
he understanding of combustion has been enhanced considerably by studies of laminar flames based on atmospheric conditions. However; many practical combustion devices operate at high pressures to increase thermodynamic efficiency and decrease their physical size. 1 The current understanding of the influence of pressure on thermo-physical properties of sooty flames is still weak. 2, 3 It is well known that pressure has significant effects on parameters such as temperature, soot production, flow velocity, flame structure and thermal diffusivity. 4, 5 Accurate and reliable measurements of soot temperature and distribution in the flame by nonintrusive means are highly desirable to achieve in-depth understanding of combustion and pollutant formation processes. The most widely applied methods use physical probes such as thermocouples or gas-sampling probes. These techniques have obvious disadvantages, such as intrusive sensing, degradation in a harsh environment, and single point measurement. The presence of soot makes such measurement of temperature particularly difficult, with deposition
The two-color method is an established optical technique for the temperature measurement of sooting flames. This technique makes use of two narrow band wavelengths in the visible or near infra-red emission. There has been a continuing effort in applying this technique to various situations. Hottel and Broughton, 10 pioneered the two-color technique and applied it to determine the flame temperature in utility furnaces. Their results indicated that the twocolor pyrometer may be used to determine radiation from luminous flames with an average error of 5 %. This method has been expanded to measure the temperature of open flames, either premixed or diffusion types. [11] [12] [13] [14] The most extensive application of the approach has been found in combustion engines where not only the flame temperature but also the soot concentration in the flame was measured. 15 In the last 30 years, the two-color method has become the most widely used technique for diesel flame temperature and particulate concentration measurements because of its simplicity, low cost and relative ease of application. 16 Similarly to the two-color principle, the multi-color method has also been developed to achieve higher measurement accuracy. 14, [17] [18] [19] These measurements are based on measuring the continuous blackbody radiation emitted by the soot contained in the flame. Therefore no meaningful temperature measurements could be made at the regions of flame that are relatively free of soot concentration. It has been shown in the literature that the temperature difference between the ambient gas temperature and soot-particle temperature is negligible after the gas and the particles have attained thermal equilibrium. 10, 16 Therefore, the combustion gas temperature will be measured indirectly. 16 To study the effect of pressure on flame temperature in 1977 Miller and Maahs, 20 employed the two-color pyrometry in visible spectrum with two disappearing-filament optical pyrometers fitted with interference filters at 500 nm and 650 nm wavelengths. The measured temperature at the tip of the methane diffusion flame in the region of most intense radiation showed a temperature decrease of about 160 K from 1 atm to 5 atm, while carbon concentration, and hence radiation from the flame, substantially increases. There was a further decrease of about 120K from 5 atm to 20 atm as carbon concentration continued to increase. From 20 atm to 50 atm, only a 50 K decrease in temperature took place. In 1989, Flower, 12 published a paper in which soot particle temperatures are determined as a function of axial position in axisymmetric laminar ethylene-air diffusion flames at pressures up to 7 bar. The method of temperature measurement was based on line-of-sight measurements of the emission and absorption of near infra-red radiation by soot particles. This represented average particle temperatures across the diameter of the flame, weighted by the local soot volume fraction. Flower, 12 identified that the visible luminosity from soot, which is an increasing function of soot temperature, decays with increasing height in the flames. As the pressure increases, the decrease in soot luminosity was observed at lower positions in the flame. The decrease in soot luminosity suggests that temperature is affected by the presence of soot as a result of radiant energy transfer from the particles. Temperature, in turn, strongly influences soot-formation and soot-oxidation rates.
Thomson et al. 2 in 2005 reported radially resolved soot concentration and soot temperature measurements at elevated pressures up to 40 bar, in laminar diffusion flames of methane using soot emission spectroscopy (SSE) and line-of-sight attenuation (LOSA). Soot temperature measurements indicate that the overall temperatures decrease with increasing pressure; however, the differences diminish with increasing height in the flame. Low down in the flame, temperatures were about 150 K lower at pressures of 40 bar than those at 5 bar. In the upper half of the flame the differences reduce to 50 K. Also Bento et al. 3 used SSE, to measure soot temperatures in co-flow propane-air laminar diffusion flames over the pressure range up to 7.3 bar. They reported that the overall temperatures decreased with increasing pressure; however, the temperature gradients increased with increasing pressure.
The present study focuses on the influence of elevated pressures up to 10 bar, on soot temperature distribution of ethylene-air laminar co-flow diffusion flame. Experimental work is carried out in a high-pressure combustion chamber and two-color pyrometry technique has been applied in the near infra-red (NIR) region by utilizing a commercial CMOS (Complimentary metal-oxide semiconductor) digital camera. To the best knowledge of the authors, applying two-color method in the NIR region with a commercial digital camera has been not reported in existing literature. The two-color method theory, discreet considerations in the choice of wavelengths and calibration of the instrument factor are also described.
II. Two-Color Method Theory
The two-color technique relies on the measurement of the emission intensity from incandescent soot particles in the flame. The wavelength dependent monochromatic radiation intensity of a blackbody is governed by Planck radiation law. ε of unity at all wavelengths. If the soot emitted like a blackbody, it would be straightforward to calculate the soot temperature, T, using Planck's distribution shown in Eq. (1). However, the soot has an unknown emissivity, λ ε , which causes it to emit less than a blackbody at the same temperature. Single soot particles and thick soot clouds show near blackbody behaviour with 1 ≈ λ ε , but thinner soot clouds can have gray body characteristics. 9 I λ , monochromic radiation of a gray body (i.e. soot particles) deviates by the spectral monochromic emissivity of the body (0≤ ε λ ≤1). The wavelength and temperature concerned in this study range from 0.78 to 1.064 µ m and from 1000 to 2500 K respectively. Since C 2 /λT>>1 within these ranges, Planck's law can be replaced by Wien's radiation law. 
It can be proven that the output of the imaging system, namely the gray level (I λ ), is proportional to the existence of the measured object and dependent on the spectral sensitivity S λ of the imaging system (CCD or CMOS sensors), i.e., 
where k is called the instrument constant which is independent of wavelength and reflects the effects of various factors including radiation attenuation due to the optical system and atmosphere, observation distance, lens properties and signal conversion. 13 The ratio between the gray levels at wavelengths λ 1 and λ 2 is given by: (6) The ratio between the spectral sensitivities (S λ1 / S λ2 ) is called instrument factor and is known from calibration using a tungsten lamp as a standard temperature source. A crucial point here is how to deal with the ratio between the spectral emissivities ε λ1 and ε λ2 . Normally, gray body behaviour is assumed for the detected object (i.e., ε λ1 /ε λ2 =1), when the wavelengths are very close to each other. 9, 13, 25 Another method of dealing with the ratio of emissivities is to consider the relation suggested by Flower. 26 When assuming the soot particles in the flame are homogeneous, optically thin and small relative to the used wavelength, the spectral emissivity is inversely proportional to the wavelength (ε λ ∝1/λ). Lee et al. 27 reported that the primary soot particles from diesel engines are nearly spherical, and have diameters ranging from 20-50 nm with an average diameter of about 30 nm. Bruce et al. 28 reported a range of 30-70 nm for the primary particle diameter. For gaseous flames, the size of particles ranges from 5 to 100 nm according to the results of Char and Yeh, 29 is much smaller than the wavelength of observation. Also according to the results of Flower and Bowman, 11, 30 there was no significant effect of pressure on the size of the soot particles. The increase in the soot volume fraction results predominantly from an increase in the number density of particles and the local volumetric rate of soot production which is observed to increase with pressure. Eq. (7) indicates that the two-color method measures temperature based on the signal ratios at two different wavelengths without the prior knowledge of the real existence intensities at those wavelengths. It also infers that the two-dimensional temperature can be obtained by calculating the signal ratios of the two images pixel by pixel. The wavelengths for the two-color method for two narrow band filters must be selected carefully for accurate temperature measurements. [31] [32] [33] 
A. Choice of the Wavelengths
Several factors must be considered for the choice of the wavelengths, 13, 14, 34 . Firstly, the wavelengths should be selected to avoid the radiation from gas molecules such as CO 2 and H 2 O and intermediate free radicals like OH*, CH*, C 2 * and CN*. It must be noted that the two-color method only measures the temperatures of the soot particles within a flame, because Planck's radiation law only fits the continuous spectra from the solid particles, 35 rather than the band spectra of gas molecules or free radicals. In the reaction zones of flames, many radicals, such as OH, CH, C 2 , HCO, NH and NH 2 may be formed and give appreciable emission in the visible and near ultraviolet regions. In the infrared region, wavelengths must be chosen carefully to avoid radiation or absorption from C0 2 , CO, water vapor and fuel vapor. Figure 1 shows the spectra from various gaseous species in the near infra-red region. 16 Secondly, the wavelengths should be in a region where the outputs of the digital camera can be expected to vary sufficiently in view of sensitivity and signal-to-noise ratio. Thirdly, the choice of the wavelengths should be expected to prevent the camera from saturation. Finally, the two wavelengths should be chosen close to each other so that the differences between the emissivities and optical transmission effects are negligible. Despite achieving higher sensitivity and signal-to-noise ratio in visible wavelengths, the NIR region has been selected in this study due to less gas molecules or free radicals radiations, non-saturated photos and relative novelty of the approach. Compromising the factors addressed above has given rise to choose the two wavelengths at λ 1 =780 nm and λ 2 =1064 nm with a central wavelength tolerance of ±2 nm. Figure 1 . Emission in the near infra-red region for various gas molecules. 16 
B. Calibration of the Instrument Factor
To calibrate the instrument factor (S) a pre-calibrated tungsten ribbon lamp, 33 was used as a standard temperature source. The tungsten ribbon lamp was placed the same distance from the camera as the flame. The instrument factor S can be derived by rearranging the Eq. (6): The ratio of intensities (I λ2 / I λ1 ) at two wavelengths can be shown by R. The emissivity of tungsten ribbon (ε λ1 and ε λ2 ) is by its turn a function of the wavelength and of the true temperature T according to the equations proposed by Larrabee, 36 at different wavelength regions from 450 nm to 800 nm. Dmitriev and Kholopov, 37 presented the emissivity of tungsten in near infra-red region from 1000 to 5100 nm and temperature range of 1244-2441 K. The most complete investigation of tungsten ribbon emissivity in the 230-2700 nm wavelength region and at temperatures from 1600-2800 K was conducted by De Vos. 38 According to these literatures the average emissivity of tungsten ribbon at 780 nm and 1064 nm wavelengths were found to be 0.43 and 0.37 respectively.
The calibration of instruments (camera with filters) was performed on a certified tungsten ribbon lamp. 33 The lamp was connected to a 12 V battery, a rheostat and a shunt resistor (0.01 Ω) connected in series. The voltage flowing across this resistance was an indication of the current through the lamp. The camera was placed in front of the lamp and focused on the tungsten ribbon and has been kept at a constant distance and position in all imaging. Two narrow band interference filters (780 nm and 1064 nm) were applied, in front of the digital camera lens. The calibrated temperature for the lamp ranged from 1300 to 2200°C and emits a range of light radiation temperature at different levels of applied amperes (9.345-19.04A). The detail of this calibration setup can be found in Figure 2 . The intensity levels of a number of pixels over the tungsten ribbon narrow band images were averaged. The ratio between the two average intensity levels (I λ2 / I λ1 ) was tabulated against the instrument factor (S). The calibration results are shown in Figure 3 where the data points marked with ' ' yields the following inverse power relationship, as indicated by the dotted line. 
III. Experimental Setup
The co-flow ethylene (C 2 H 4 ) diffusion flame was studied with the optical diagnostic method over the pressure range of 1 to 10 bar. The high pressure burner used in this study is designed for working pressures up to 20 bar. This burner is similar to the design of Miller and Maahs. 20 The chamber, which has an internal diameter and internal height of 120 mm and 600 mm respectively, is shown schematically in Figure 4 . A classic over ventilated BurkeSchumann, 39 laminar diffusion flame is produced which is stabilized on a nozzle with an exit diameter of 4.57 mm which is tapered to reduce the formation of turbulent eddies in the air and fuel flow. Ethylene is supplied from a compressed gas cylinder, regulated by a needle valve, and measured by a calibrated mass flow meter with 1% full scale accuracy.
The mass flow rate of ethylene (0.15 L/min) was kept constant at all pressures. Co-flow air is supplied from a compressed air bottle into the burner and is diffused using a layer of glass beads, followed by a honeycomb structure with 1.5 mm diameter holes to straighten the flow. Co-flow air was controlled by a needle valve to produce a constant mass flow rate of 15 L/min for all the diffusion flames. Table-1 shows the physical properties of fuel and air streams during the experiments. The region of Reynolds number (Re) indicates that all flows were in laminar mode during the experiments.
To pressurize the chamber, nitrogen flow was introduced through the base of the burner using a ring of 1.5 mm diameter holes. The nitrogen flow also keeps the chamber walls cool and the window ports free of condensation and soot. Increasing the pressure within the vessel was achieved by increasing the flow rate of nitrogen and simultaneously decreasing the flow rate of the exhaust by adjusting the back-pressure regulating valve which can maintain the chamber pressure anywhere between 1 and 10 bar.
Optical access to the burner is provided by four windows which have a diameter of 50 mm and a thickness of 20 mm; two are made from fused silica, and two from high-resistivity float-zone silicon (HRFZ-Si). The Fused quartz windows provide optical access in the visible and NIR band whilst the HRFZSi windows provide access in the far infrared which were used for a different study based on terahertz-time domain spectroscopy. 40 The schematic of the experimental setup is shown in Figure 5 . The optical set up consists of a commercial digital camera (Canon EOS-30D), which was utilized to capture the color photographs and also the narrow band photos of the flame. This digital single-lens reflex (SLR) camera is a color camera which uses CMOS technology. It is worth mentioning that CMOS technology is one of the key advantages of new cameras with noise reduction circuitry at each pixel site.
The two narrow band filters were applied in front of the camera lens. Due to the lower sensitivity of commercial camera sensors to NIR band, the exposure time of 1 s with the maximum light sensitivity (ISO) of 1600 were selected to capture the narrow band photographs. The normal images of the flames were captured at an exposure time of 1/100 s and ISO; 100. Also the aperture was set to be f/ 5.6.
To verify the temperature results obtained by the two-color method in NIR region, a digital noncontact temperature measurement instrument was utilized during the experiments. This Infratherm pyrometer (INFRATHERM IS 5/F) ascertains the temperature of glowing (sooty) flames by using two-color temperature measurement method with ±1.0 % accuracy of the measuring value. These two colors have been selected in IR spectral range between 0.7∼1.15 mm. The spot diameter of this pyrometer is 1.5 mm for a minimum distance of 250mm. 
IV. Results and Discussions
The At atmospheric pressure, the base of the flame had a bulbous appearance and is wider than the burner nozzle exit diameter. Higher up the flame came to a relatively sharp tip where all luminosity ceased, corresponding to the vertical position where all the soot had been oxidized. As the pressure was increased, axial flame diameters decreased, giving an overall stretched appearance to the flame as noted by Flower and Bowman, 41 and Thomson et al. 2 This may explain the significant change in flame shape with the increase of pressure. Soot particles are higher in density than other combustion products, and cannot diffuse away from the primary flame region as easily as a gaseous product might. Combustion must therefore be maintained by oxygen diffusing inward to the primary flame region, resulting in a narrowing flame structure. 20 In other words, as pressure (P) increases, the density (ρ) will increase as well (ρ∝P). By keeping the fuel exit velocity (U) and as a result the mass flow rate constant (ρUA cs =const.), at high pressures the mass conservation equation leads to a narrower flame cross section area (A cs ) at all heights within the flame. 5 The cross-sectional area (A cs ) of the flame (measured from the radius defined by the outer edges of the sooting region at each height) shows an average inverse dependence on pressure to the power of 0.8±0.2 (1/P
0.8±0.2
) for ethylene flames. 5 The center core of the flame near the nozzle tip has a mostly bluish color up to 7 mm above the fuel nozzle exit (H=7 mm). The presence of the soot particles is mainly limited at the flame tip and in an annular band near the burner rim. By increasing pressure it was observed that the soot formation dramatically increases and the luminous carbon zone moved downward, closer to the burner rim, filling an increasingly larger portion of the flame. It means that near the mid-height of the flame, the annular distribution of soot remains pronounced, but soot also begins to appear in the core of the flame. At the tip of the flame, the soot annular and core soot distribution join to each other and peak soot concentration is observed at the flame center line. Bright luminosity from soot is visible for each flame. The increase in formation of luminous soot particles causes the heat loss from the flame by radiation to increase, thus lowering the flame temperatures. This leads to slower oxidation rates of soot, and eventually oxidation cannot keep up with soot production, leading to a smoking diffusion flame. 41 The decrease in soot luminosity suggests that temperature is affected by the presence of soot as a result of radiant energy transfer from the particles. Temperature, in turn, strongly influences soot-formation and soot-oxidation rates. 12 As pressure was increased the flame that did not emit smoke at atmospheric pressure began to smoke at higher pressures. Despite the flame being over-ventilated with co-flow air an extended line of soot (smoke) at the flame tip appears at a pressure of 2 bar (the point of incipient soot breakthrough) and onwards. For these flames, a significant amount of soot survives the oxidation region of the flame. The luminosity from soot becomes noticeably less intense with increasing height above the burner tip. As pressure increases, the decrease in soot luminosity moves to lower positions in the flame. The well defined luminous tip of the atmospheric pressure flame disappears as pressure increases, and a darkening orange column of soot rises from the flame. At fixed axial position, the diameter of the visible flame decreases with increasing pressure. Also, the opacity of the soot column increases with pressure, due to an increase in the integrated soot volume fraction across the flame diameter. 41 According to the results of Schalla and McDonald, 42 the rate at which the fuels can be burned smoke free consistently decreases with increasing pressure. Furthermore the maximum smoke free fuel flow rate initially increases by air flow rate then remains almost constant for further increases in air flow rate. The smoking tendency is also found to be a strong function of fuel types as well. 42 The tendency of soot formation in ethylene-air diffusion flame was observed to be relatively higher than methane-air flame.
The two-color technique relies on the measurement of the emission intensity from incandescent soot particles in the flame. In this method the two-dimensional intensity of every single pixel of the flame image, in the specific wavelength can be measured from the narrow band photos, captured by applying narrow band filters in front of the camera lens. Figure 7 show a sequence of the flame images at pressures from 1 to 10 bar, taken by applying the 780 nm narrow band filters in front of the digital camera. Note that these pictures have been captured with an exposure time of 1 sec and at the maximum camera sensitivity (ISO 1600). The narrowband images of the flame at the same sequence were also captured by applying the 1064 nm filter and utilizing the same exposure time and ISO as above. Through application of image processing techniques and derivation of a computer program (m-file) using MATLAB®, the two-dimensional monochromic normalized intensities (I λ1 and I λ2 ) of each flame has been measured by considering the value number in the HSV (Hue, Saturation and Value) model. The HSV is an alternative color model derived from the RGB by looking down the grayscale/achromatic axis of the RGB space. The deficiency of the RGB method is that the color and intensity parameters from a perceived scene are inseparably stored in the primary color intensities (Red, Green and Blue). In contrast, the HSV method complements this by allowing the color information to be presented independently from the intensity component. Within the cylindrical plane, hue and saturation (synonymous to color and its brightness respectively) are measured as the angular coordinate and the radial distance from the achromatic axis respectively. Conversely, the normalized intensity component (value) is given by the depth along the achromatic line. 43 The two-dimensional monochromic intensity distribution (I λ1=780 nm ) of the ethylene diffusion flame at 10 bar are presented in Figure 8 . When there was no well defined flame tip and the flame luminosity became less intense with height due to cooling of the soot by radiative losses, the points with a normalized intensity smaller than 0.01 were not considered as a part of the flame. These dark gray regions formed a long vertical column of non-fully oxidized carbon particles at the flame tip, which decreased in diameter only gradually with increasing height above the burner tip. Figure 8 shows that the flame intensity is higher at regions with a higher concentration of luminous soot particles. The annular distribution of luminous soot particles is pronounced while the soot zone has moved down stream filling an increasingly larger portion of the flame due to high pressure. As it was predicted before the sensitivity of camera sensors to the 780 nm wavelength, which is closer to visible band, was found to be higher than the radiation at 1064 nm. This appears from the intensity distribution of flame pictures at these two wavelengths. The monochromic intensity distributions of the flame at 10 bar for 780 nm and 1064 nm wavelengths across the diameter of the flame, at different flame heights, are presented in Figure 9 and Figure 10 respectively. Evolution of lateral intensity profiles with vertical position in these graphs confirms that the flame is acceptably axisymmetric and narrows by increasing distance from the fuel nozzle exit. This radiation intensity, in the monochromic flame pictures, mostly belongs to the soot particles in the diffusion flame as gray bodies. Recall that we chose these two filters in NIR spectrum to avoid the radiation from other gas molecules and free radicals, in order to collect just the radiation of soot particles. Thus the trends of the intensity profiles are directly related to the soot concentration and temperature profiles. The redial profile of soot is typical of an ethylene diffusion flame. At the lower part of the flame soot is mostly distributed in an annular region, whereas the concentration is almost flat at higher flame heights above the fuel nozzle exit (H). The intensity is mostly higher at the outer band of the flame (in an annular region) and lower at the flame centerline core. This is believed to be due to a higher concentration of luminous soot particles at the outer band of the flame. In the middle part of the flame, soot concentration and emission increases, the sooty ring narrows and the profile evolves to a flat and then to a parabolic shape at the flame tip. Lower intensities at higher positions of the flame indicate the cooling of the soot particles by radiative losses. The maximum soot emission at the flame centerline was observed to occur at H=18~19 mm and H=7 to 9 mm for the ethylene flames at P=1 bar and P=10 bar respectively (see Figure 11) . Note that at atmospheric pressure the ethylene flame centerline, below H=7 mm is relatively free of soot particles. The first intensity is recorded at this height of the flame. However increasing the pressure to P=10 bar has extended the soot zone towards the burner rim. As a result the flame images, at both wavelengths, were recorded with the high intensities at the lower part of the flames (see Figure 7) . From H=19 mm of flame at P=10 bar to the flame tip, the intensity of the flame tends to be higher at the centerline in comparison with the annular band at the same height. This is because the soot annular and core soot distribution are joining together and the peak soot concentration is observed on the flame centerline. Figure 11 also shows that the intensity at the centerline increases by distance from the fuel nozzle tip. This occurs up to a certain point and then it starts to decrease when the position increases further downstream of the flame. The diagrams also show the range of the flame heights at two pressures. The flame height at 1 bar is measured to be 31 mm and it is reduced to its minimum of 25 mm at 10 bar. This reduction of the flame height is believed to be due the extension of soot region further upstream towards the burner rim and also escaping of none-fully oxidized carbon particles (smoke) from the flame tip. These cause lowering the luminous flame tip position. The full range of the intensity results shows that the height of this diffusion flame increases, first by pressure up to 2 bar and then starts to decrease to its lowest level at 10 bar. The flame height at 1 bar was measured to be 31 mm, then it increased to 32 mm at 2 bar. By further increase of pressure, the flame heights were measured to decrease to 31, 28, 26 and 25 at pressures 4, 6, 8 and 10 bar respectively. Radiative emission by flames is a useful source of information for nonintrusive combustion diagnostics as it carries characteristic information about the flame species such as combustion gases and soot. 44 Continuum emission sourced by flame soot can be detected and processed to extract information on the physical variables that govern the intensity of the emission, such as temperature and concentration of soot. In this study, measured intensities are utilized to infer soot temperature profile from two-color pyrometry technique in the NIR region.
By means of a MATLAB® program, the integrated temperature at each point has been calculated by the intensity ratio of the two wavelengths. Eq. (7) indicates that the two-color method measures temperature based on the signal ratios at two different wavelengths without the prior knowledge of the real existence intensities at these wavelengths. To investigate solely the effect of intensity ratio (R), by considering an average for instrument factor (S) from the calibration curve (Figure 3) , the trend of temperature as a function of the ratio of intensities is plotted in Figure 12 . This graph suggests a series of hyperbola contour lines for different values of 'S'. As the flame intensity at 1064 nm wavelength is mainly lower than the intensity at 780 nm, the intensity ratio (R) is found to be normally less than one. Figure 12 indicates that the two-color temperature is higher at lower amounts of R and visa versa, by increase in 'R' the soot temperature tends to be decreased. The temperature results obtained by applying two-color method in the NIR region have been shown to be consistent with the pyrometry results. Since two-color data are based on measurements of soot emission, temperatures can only be determined in locations where sufficient soot exists to provide a resolvable signal. Soot temperature profiles along the flame centerline of an ethylene (0.15 L/min)-air (15 L/min) diffusion flame as a function of height along flame axis at different pressures are presented in Figure 13 . The temperature plot at 1 bar starts from H=7 mm, as the flame at lower positions are relatively free of soot concentration. The temperature then slightly increases up to H=9 mm then drops off at H=9-14 mm, followed by a region where the temperature level slowly climbs up to H=19 mm. Then the temperature decreases at a constant gradient and the temperature profile finishes with a small climb of temperature at the flame tip. In this flame the maximum temperature of 1873 K was recorded at H=19 mm which has the maximum intensity level of the flame at 780 nm wavelength and the ratio of intensities (R) is also a minimum (see Figure 11 ). The minimum temperature was measured to be 1750 K near the flame tip (H=27 mm). By increasing the chamber pressure from atmospheric pressure to 2 bar it was observed that the soot concentration dramatically increased. The flame was narrowed down by pressure and the soot region extended down towards the burner rim. Therefore, the flame intensity was increased at the lower flame heights. The soot temperature could be measured at the lower parts of the flame (from H=4 mm). It was observed that a large temperature drop occurred at all the heights along the flame centerline. The maximum recorded temperature at this pressure was found to be 1789 K at H=7 mm whilst the minimum temperature was found to be 1350 K at the flame tip (H=32 mm). The lowest temperature drop was found to be 34 K at H=7 mm, however, the highest drop was measured to be 416 K at H=31 mm (the flame tip). A large temperature decrease at the flame tip is linked to the cessation of soot oxidation which leads to smoking flames. For these flames, a significant amount of soot survives the oxidation region of the flame. The temperature drop at H=27 mm, which is the last turning point on the temperature profile at atmospheric pressure, in comparison with the corresponding point in the flame at a pressure of 2 bar, is about 277 K. In the flame at 2 bar, the luminosity from soot becomes noticeably less intense with increasing height above H=27 mm. The average soot temperature drop between flames at 1 bar and 2 bar was measured to be approximately 175 K.
Ethylene flame under 4 bar pressure shows an initial high temperature of 1717 K at H=2 mm which decreases in the region, H=2-8 mm to 1701 K. This is followed by a zone in the middle of the flame where the temperature decreases with height at an almost constant gradient, up to H=26 mm. This gradient then decreases from this point up to the flame tip, where the minimum temperature at this pressure has been recorded (1158 K). The lowest temperature drop between flames at 2 bar and 4 bar was measured at H=4 mm to be 58 K and the highest drop is at H=23 mm which is 360 K. The average temperature drop between flames at 2 bar and 4 bar was found to be approximately 179 K. Similar curve trends are measured for the ethylene flame at higher pressures. In smoking flames at pressures higher than 2 bar (P=4~10 bar) plots typically show an initial high temperature at the base. The temperature then reduces by a small gradient at higher positions in the flame up to about 1/3 of the flame height. This is followed by a region in the middle of flame where the temperature decreases at a higher gradient along the flame axial position. Then the rate of temperature change, decline in the upper part of the flame. The temperature decrease at the top of the flame is linked to the cessation of soot oxidation and radiant heat loss of soot particles. The maximum soot temperature of ethylene flame along the flame centerline were measured at the base of the flames to be 1688 K, 1670 K and 1641 K at pressures of 6 , 8 and 10 bar, whilst the lowest temperatures were measured at the flame tips. The average temperature drop due to pressure increase from 4 to 6 bar was measured to be about 59 K. While this average drop was measured to be 9 K and 15 K due to pressure increase from 6 to 8 bar and 8 to 10 bar respectively. Figure 14 compares the maximum, average and minimum temperatures along the ethylene flame centerline at different pressures. Soot temperature results show that in diffusion flames the overall temperatures decreased with increasing pressure. It is shown that the rate of temperature drop is greater for a pressure increase at lower pressures in comparison with higher pressures. The decrease in flame temperature with increased pressure is believed to occur because of a combination of several factors. First, the significant amount of carbon converted to soot reduces the energy available from oxidation of the fuel. Secondly, this soot leads to significant heat loss from the flame by radiation to the environment. Finally, heat conduction to the core of the flame is much higher in the highly sooting, higher pressure flames. 2 The temperature results obtained by applying two-color method in the NIR region have been shown to be consistent with the pyrometry results. Since two-color data is based on measurements of soot emission, temperatures can only be determined in locations where sufficient luminous soot exists to provide a resolvable signal. The maximum recorded error of the method was found to be about 8%. It mainly occurred at the regions with the lowest concentration of soot particles (at the flame base) or in none-fully oxidized soot clouds (flame tip). It is believed that the increased uncertainties in temperature in the lower core of the flame and on the flame tip is linked to optical limitations in recording NIR radiation when the intensity of flame is relatively low. The temperature results of this study are consistent with the line-of-sight averaged soot temperatures results of Flower, 12 in ethylene nonpremixed flames. Flower, 12 determined the temperatures from line-of-sight measurements of light emission, where the average soot particle temperature at the flame center decreased with height in the upper half of the flame, except at a pressure of 1 bar. The reason for this behaviour was that all flames, except that at 1 bar, were sooting flames; therefore, soot is not completely oxidized and it escapes from the flame tip. From the reported plots, it is observed that the soot temperature drops with increasing pressure at all heights. Conversely, the increase of temperature in the lower to middle portion of the flame is enhanced by pressure, bringing the values of temperature measured at various pressures into closer agreement at about the mid height of the flames. 12 The experimental results of Thomson et al. 2 applying line of sight attenuation (LOSA) and soot spectral emission (SSE) measurements through the methane-air flame center at pressures up to 40 bar are similar to those of Flower. 12 In flames studied by Thomson et al. 2 no soot escaped from the flame tip; therefore, all soot was oxidized within the visible yellow/orange flame region. For this reason, the average temperatures displayed an increase with downstream distance along the flame axis and the temperature curves converge at the tip of the flame. The overall temperature drop of diffusion flames by pressure, which is attributed to increased thermal radiation heat loss through increased soot volume fraction has also been reported by Bento et al. 3 and Liu et al. 45 It is reasonable to suggest that the decreased removal of soot by oxidation, observed at higher pressures in this study, results from a drop in temperature due to the increased radiative loss from the larger volume of soot formed at high pressure. Figure 15 shows the soot temperature profiles at different heights above the burner exit as a function of radial location from the ethylene flame centerline at P=10 bar. An initial small axial increase in temperature from H=3 mm to H=6 mm is followed by a general axial temperature drop at higher axial positions. The temperature profiles show radial temperature gradients across the soot annulus to a peak temperature. The temperature then decreases with more increase in the radial distance. The position of the maximum radial temperature moves towards the flame centerline at higher flame axial positions. The rate of temperature decrease with axial position increases with increasing pressure. However, the overall temperature drop with increasing pressure was observed at all flame heights, most significantly in the upper half of the flame. As the pressure increases, the visible flame gets narrower resulting in steeper radial temperature gradients. The temperature plots of Bento et al. 3 and Thomson et al. 2 generally show similar trends of temperature change as a function of radial distance. The exception to this is a steeper radial temperature gradient across the soot annulus at lower axial positions (near the burner rim). This may relate to the differences in fuel, soot loading, radiant heat loss, and pressure considered in these studies. 
V. Conclusion
Experiments were conducted in a high-pressure burner to determine the influence of elevated pressures of up to 10 bar on the soot temperature distribution in an axisymmetric co-flow ethylene-air diffusion flame. Soot particle temperatures have been determined based on two-color measurement of the emission of near infra-red radiation by soot particles. Two narrow band filters, of 780 nm and 1064 nm, have been chosen due to less gas molecules and free radicals radiation in these wavelengths. They also produce non-saturated photos and it is a relatively novel approach.
It was observed that flame properties are very sensitive to elevated pressures. The shape of the flame changes dramatically with increasing pressure. When the pressure increases, the axial flame height increases initially and then starts to decrease with further increases in pressure. The average cross-sectional area of the flame shows an inverse dependence on pressure. By increasing pressure it was observed that the soot formation dramatically increased and the luminous carbon zone moved downward, closer to the burner rim, filling an increasingly large portion of the flame. Also the flame that did not emit smoke at atmospheric pressure began to smoke at higher pressures. The soot emission (intensity) along the flame centerline, at two selected wavelengths in NIR, increases with distance from the fuel nozzle tip up to a certain point. It then starts to decrease when position increases farther downstream of the flame. The intensity profiles as a function of lateral distance from the flame center at different heights showed that at the lower part of the flame, luminous soot is mostly distributed in an annular region. At higher axial heights above the fuel nozzle exit the concentration is pronounced at the flame center, where the intensity profile is almost flat.
The temperature results obtained by applying two-color method in the NIR region have been shown to be consistent with the pyrometry results. Since two-color data are based on measurements of soot emission, temperatures can only be determined in locations where sufficient luminous soot exists to provide a resolvable signal. Soot temperature measurements show that in ethylene diffusion flames the overall temperature decreased with increasing pressure, which is attributed to increased thermal radiation heat loss through increased soot volume fraction. It is shown that the rate of temperature drop is greater for a pressure increases at lower pressures in comparison with higher pressures. The average temperature drop of about 177 K is recorded along the flame centerline for a pressure increase from atmospheric to 2 bar and also from 2 bar to 4 bar. However, at higher pressures the rate of temperature drop decreases to 1/3 of the previous temperature drop. It is found that, applying two-color pyrometry method in the NIR region, utilizing a commercial digital camera, is capable of nonintrusive measurement of two-dimensional soot temperatures with a simple and relatively high accuracy approach. The maximum recorded error of the method was found to be about 8%. It mainly occurred at the regions with the lowest concentration of soot particles. To the best knowledge of the authors, applying two-color method in the NIR region by utilizing a commercial digital camera has not been reported in existing literature.
